Disrupted-In-Schizophrenia 1 (DISC1), a susceptibility gene for major psychiatric disorders, regulates neuronal migration and differentiation during mammalian brain development. Although roles for DISC1 in postnatal neurogenesis in the dentate gyrus (DG) have recently emerged, it is not known how DISC1 and its interacting proteins govern the migration, positioning, and differentiation of dentate granule cells (DGCs). Here, we report that DISC1 interacts with the actinbinding protein girdin to regulate axonal development. DGCs in girdin-deficient neonatal mice exhibit deficits in axonal sprouting in the cornu ammonis 3 region of the hippocampus. Girdin deficiency, RNA interference-mediated knockdown, and inhibition of the DISC1/girdin interaction lead to overextended migration and mispositioning of the DGCs resulting in profound cytoarchitectural disorganization of the DG. These findings identify girdin as an intrinsic factor in postnatal development of the DG and provide insights into the critical role of the DISC1/girdin interaction in postnatal neurogenesis in the DG.
INTRODUCTION
Disrupted-In-Schizophrenia 1 (DISC1) is considered a candidate susceptibility gene for major disorders, including schizophrenia and bipolar disorders, as disruption of DISC1 by a chromosomal translocation t(1;11) (q42.1;q14.3) segregates with a spectrum of disorders in a large Scottish pedigree (Millar et al., 2000) . Despite the initial promise that the study of DISC1 function would reveal the susceptibility mechanisms of these disorders, a comprehensive picture of its function is far from complete, since DISC1 seems to have multiple roles in neuronal physiology (Mackie et al., 2007; Ishizuka et al., 2006) . Previously described functions of DISC1 include (1) regulating intracellular signaling by interacting with phosphodiesterase 4B (Millar et al., 2005; Brandon, 2007) , (2) a role in axon guidance and neurite extension (Ozeki et al., 2003; Miyoshi et al., 2003) , (3) serving as a cargo receptor for kinesin-1 to regulate axonal transport of its interacting proteins Shinoda et al., 2007) , (4) forming a complex with nuclear distribution gene E homolog-like 1 (Nudel) and lissencephaly 1 (Lis1) to regulate nuclear attachment to the centrosome that promotes neuronal radial migration in the developing neocortex (Kamiya et al., 2005) , and (5) regulating neural progenitor proliferation via modulation of activities of GSK-3b and b-catenin (Mao et al., 2009 ). These findings suggest that schizophrenia may represent the end point of multiple different pathogenic pathways.
Recently, a role for DISC1 in neurogenesis, which occurs constitutively in the dentate gyrus (DG) of the hippocampus throughout the entire lifespan, has emerged (Duan et al., 2007; Faulkner et al., 2008; Kvajo et al., 2008) . RNA interference (RNAi)-mediated downregulation of DISC1 and Nudel in newborn dentate granule cells (DGCs) leads to increased neuronal migration and aberrant positioning in adult mice, which is in stark contrast to its roles in the development of the cerebral cortex (Dranovsky and Hen, 2007; Kamiya et al., 2005) .
A yeast two-hybrid screen identified girders of actin filaments (girdin) as a novel candidate protein for interaction with DISC1 and Nudel (Camargo et al., 2007) . Human girdin (previously designated KIAA1212), encoded by the CCDC88A gene, was originally identified as a substrate of the serine/threonine kinase Akt1, a novel actin cytoskeleton-binding protein also designated Akt phosphorylation enhancer (APE), Ga-interacting vesicleassociated protein (GIV), and Hook-related protein 1 (HkRP1) (Enomoto et al., 2005; Jiang et al., 2008; Anai et al., 2005; Le-Niculescu et al., 2005; Simpson et al., 2005) . Girdin is a large 250 kilodalton protein with unique amino (NT) and carboxyterminal (CT) domains flanking a long coiled-coil domain. Girdin oligomerization through the NT domain and direct binding to actin filaments through the CT domain are considered prerequisites for its function in remodeling of the actin cytoskeleton at the leading edge of migrating cells (Enomoto et al., 2005) . Examination of girdin-deficient mice shows that girdin regulates migration of immature endothelial cells and sprouting of new blood vessels during postnatal angiogenesis that takes place during development of the neonatal retina and brain cortex (Kitamura et al., 2008) .
In this study, we demonstrate that girdin is expressed in the DG and hippocampus of the postnatal mouse brain. In hippo- campal neurons, girdin interacts with DISC1, which regulates axonal development in vitro and in vivo. Interestingly, examination of girdin-deficient mice and in proliferating neuroblasts genetically modified by oncoretroviruses suggests that girdin and its interaction with DISC1 are critical for DGC migration and positioning during the early postnatal period rather than in embryonic developmental stages. These findings indicate that girdin is important for postnatal development in the DG and that girdin exists in a neurodevelopmentally regulated protein complex with DISC1.
RESULTS

Expression of Girdin in DG and Hippocampus in Mouse Brain
In situ hybridization indicates that girdin is predominantly expressed in the DG and hippocampus of the adult mouse brain (Lein et al., 2007) . Western blot analyses using an anti-girdin antibody revealed that girdin is abundantly expressed in the embryonic and postnatal brain ( Figure 1A ). Immunohistochemical analyses showed that girdin is expressed in the DG and pyramidal cell layer (PCL) of hippocampal regions CA1 and CA3 in the mouse brain at postnatal day (P) 15 ( Figure 1B ). The specificity of the antibody was shown using protein samples and tissue slices from wild-type (girdin +/+ ) and girdin-deficient (girdin dentate granule cell layer (GCL) than in the subgranular zone (SGZ) of the DG where neuroblasts originate and proliferate ( Figures 1B and 1C ) (Ming and Song, 2005; Zhao et al., 2008) . This finding was supported by double staining with girdin and markers for DGC differentiation ( Figures 1D and 1E ). Girdin expression was observed in NeuN (neuronal nuclear antigen)-positive mature DGCs ( Figure 1D ), whereas it was very weak in radial stem cells within the SGZ that express nestin ( Figure 1E ), an intermediate filament protein used as a marker for neural stem cells.
Interaction of Girdin with DISC1
Based on the girdin expression profile and evidence that DISC1 expression is most prominent in the developing DG and hippocampus (Austin et al., 2004; Schurov et al., 2004) , we speculated that DISC1 cooperates with girdin in the development and function of neurons in these regions. The interaction between exogenously expressed myc-tagged DISC1 and V5-tagged girdin in HEK293T cells was shown by immunoprecipitation ( Figure 2A ). Domain mapping revealed that the amino-terminal globular domain of DISC1 (termed DISC1-NH) contains the girdin binding Lysates from COS7 cells transfected with girdin-V5 and each domain of DISC1, fused to a GST tag at the N terminus, were precipitated with glutathione-Sepharose beads. GST-fusion proteins are indicated by arrowheads. (D) The DISC1 binding site maps to the NT domain of girdin. Shown is a GST-pull-down assay using lysates from COS7 cells that express myc-DISC1 NH. A GST tag was fused to each girdin domain at the N terminus of the protein.
(E) Endogenous interaction of DISC1 with girdin in the rat brain. Rat E18 brain lysates were immunoprecipitated with anti-girdin antibody, followed by western blot analyses.
site ( Figures 2B and 2C ). The DISC1 binding site mapped to the NT domain of girdin, implying that DISC1 does not compete with actin filaments for girdin ( Figure 2D ). Additional deletions from either the amino or carboxyl terminus in DISC1-NH abrogated the interaction of DISC1 with girdin in COS7 cells, suggesting that the entire domain structure of DISC1-NH is necessary for girdin interaction (Figures S1A and S1B). Using several different antibodies recognizing DISC1, endogenous DISC1 protein could be detected in girdin immunoprecipitates from rat embryonic brain, suggesting that girdin is a physiologically relevant partner of DISC1 ( Figures 2E, S2A , and S2B).
Roles of Girdin in Neurite Outgrowth and Axon Development in Neurons
Supporting a hypothesis that many psychiatric disorders manifest during early development, DISC1 has a demonstrated role in neurite extension in rat PC12 cells and cultured hippocampal neurons, model systems commonly used for studying neuronal differentiation (Ozeki et al., 2003; Miyoshi et al., 2003; Taya et al., 2007) . In cultured rat embryonic hippocampal neurons, girdin expression was detected in neuronal cell bodies and on all processes within a day after plating (Figures 3A and 3B) . After 2 days in vitro (DIV2), neurons begin to polarize by selectively extending only one of the minor processes, defined as the growing axon (Arimura and Kaibuchi, 2007) . Girdin localized along the Tau1-positive axons and accumulated at the expanded tips of the processes (growth cones), where it may play a role in promoting the actin-based motility of growth cones ( Figure 3C ). Short hairpin RNA (shRNA)-mediated knockdown of girdin led to a decrease of its immunoreactivity in neurites ( Figures S3A and S3B ), impairing the development and elongation of axons without affecting neuronal polarity ( Figures 3D-3G) . Notably, girdin knockdown inhibited the total number of neurites, suggesting that girdin is involved in the formation/maturation of both axons and dendrites ( Figure 3H) .
Girdin was first identified as an Akt substrate, although it has also been suggested that girdin functions upstream of Akt to augment its activity and regulates apoptosis and DNA synthesis (Anai et al., 2005; Garcia-Marcos et al., 2009 ). As Akt has been shown to be a key molecule involved in axonal development and establishment of neuronal polarity (Jiang et al., 2005; Yoshimura et al., 2006) , we asked whether the modulation of Akt activity accounts for the defective axonal development in girdindepleted neurons (Figure 4 ). Consistent with previous reports, the expression of a dominant active mutant of Akt (Akt DA; Enomoto et al., 2005) abolishes neuronal polarity, resulting in the formation of multiple axons in control neurons (Figures 4A and 4B) . The defects in axonal development and its extension found in girdin-depleted neurons, however, could not be rescued by the addition of Akt DA ( Figures 4A-4C ), implying that Akt does not mediate axonal development downstream of girdin in vitro. Consistent with this idea, the level of Akt phosphorylation at Ser473 in girdin À/À brains was comparable to that in wild-type brain ( Figure 4D ). Taken together, it seems likely that girdin regulates axonal development downstream of Akt signaling. Next, the development of axons in neurons harvested from wild-type and girdin À/À brains was investigated in vitro. Due to the phenotype observed in the DG of girdin À/À mice described below, we isolated DGCs by microdissection from the brains of P7 mice. Importantly for interpreting the role of girdin in DG development, the extension of axons, but not neuronal polarization, was significantly impaired in DGCs from girdin À/À mice compared with those from wild-type mice ( Figure S4 ). Taken together with the RNAi experiments, girdin likely acts cell autonomously to facilitate axonal development in cultured neurons.
DISC1 Regulates the Localization of Girdin at Growth Cones in Cultured Hippocampal Neurons
In differentiated hippocampal neurons, the accumulation of DISC1 and its binding partners in growth cones depends on anterograde axonal transport mediated by kinesin-1, a plusend directed microtubule-motor protein Shinoda et al., 2007) . Colocalization of girdin with endogenous DISC1 or exogenously expressed Myc-DISC1 at the growth cones suggests that they interact and coordinate the control of axonal development ( Figures 3I, 3J , and S2C). To address whether DISC1 mediates the correct localization of girdin, we evaluated the effects of small interfering RNA (siRNA)-mediated knockdown of DISC1 in rat hippocampal neurons. The transfection of a siRNA specific for rat DISC1 markedly decreased DISC1 protein expression ( Figure 3K ). The localization of endogenous girdin and an exogenously expressed GFP-fused girdin to the growth cones was assessed by immunofluorescence ( Figures  3L, S5 , and S6). In the evaluation of girdin-GFP, normalized immunofluorescence intensity was calculated as the ratio of girdin or GFP fluorescence intensity to cell volume, as measured by the fluorescent signal from Cell Tracker Blue CMAC (chloromethyl derivative of aminocoumarin). The signal intensity of both exogenous girdin-GFP (Figures 3L and S5B) and endogenous girdin ( Figure S6 ) was impaired in DISC1-depleted neurons, suggesting that the role of DISC1 is to either stabilize and/or anchor girdin at the growth cones by serving as a scaffold protein, or in regulation of axonal anterograde transport.
Cytoarchitectural Disorganization in the DG in Girdin À/À Mice While girdin À/À mice were grossly normal upon examination of the embryos and neonates, they exhibited weight loss beginning at P7-P8 and died by approximately the first month of age (Kitamura et al., 2008) . Cresyl violet (Nissl) staining of hippocampal sections derived from P6 girdin
mice revealed abnormal cytoarchitecture of the DG, with decreased volume in the hilar region (hilus), defined as the area within the V-shaped GCLs ( Figure 5A ). The number of cells in the hilus, the DG, and the molecular layer (ML) was increased weakly but significantly in girdin À/À mice compared with wild-type ( Figure 5C ). Under high-magnification views of the DG, quantification of the distance between individual DGCs and the SGZ surface revealed a dispersed GCL in girdin À/À mice, in contrast to the densely packed GCL found in wild-type mice ( Figures 5D and 5E ). Other phenotypes observed in girdin À/À mice included multilamination in the hippocampal CA1 region ( Figure 5A , right panel), a loose layering of pyramidal cells in the CA3 region ( Figure 5B , left panel), and decreased volume of the olfactory bulb (data not shown). These findings suggest that girdin may play an important role in aspects of the development of the DG, hippocampus, and olfactory bulb.
Impaired Development of Mossy Fibers in Girdin
To correlate the in vitro findings in vivo, we analyzed axonal development of DGCs using immunocytochemical markers. Staining of hippocampal sections from P15 mice with an anti-PSA-NCAM (polysialylated neural cell adhesion molecule) antibody revealed that the development and lamination of mossy fibers, axons of DGCs that are the main excitatory input from the DG to the hippocampus, were severely impaired in girdin À/À mice ( Figure 5F ). Impaired pathfinding of mossy fibers seems to result in aberrant innervation of DGCs and CA3 pyramidal cells in girdin À/À mice ( Figure 5F , lower panels), though this will need to be further investigated by electrophysiological experiments to draw a solid conclusion. Defects in mossy fiber differentiation in girdin
mice were also demonstrated by Timm's staining, which detects zinc accumulation in mossy fiber boutons ( Figure 5G ). Axonal development of DGCs is impaired in girdin À/À mice, consistent with the findings in cultured DGCs ( Figure S4 ).
Defects in the Migration of Immature DGCs in Girdin
The DG is a unique brain region in that most of its neurons are formed postnatally, and neurogenesis persists throughout life (Altman and Bayer, 1990; Li and Pleasure, 2007; Ming and Song, 2005; Zhao et al., 2008; Seki et al., 2007) . During the perinatal period, some of the neuroblasts produced at the ventricular surface (the secondary dentate matrix) stream tangentially in a subpial portion and migrate into the dentate anlage, whereas (B and C) Localization of girdin in cultured hippocampal neurons. Nonpolarized stage 2 neurons within a day after plating (B) and polarized stage 3 neurons after 2 days in vitro (DIV) (C) were fixed, stained with the indicated antibodies, and analyzed by confocal microscopy. In (C), axonal tips in the upper panels are shown at a higher magnification in the lower panels. (D) shRNA-mediated knockdown of girdin affects axonal development but not neuronal polarity in cultured hippocampal neurons. Neurons transfected with GFP and either control or girdin shRNA-expression vector at DIV0 were fixed at DIV4 (left panels) or DIV5 (right panels) and immunostained with anti-GFP and anti-Tau1 antibodies. Enlarged images of the neurites (1, 2, and 3) are shown in adjacent panels. Most of the control shRNA-transfected neurons had one axon (arrows) that is clearly labeled with Tau1, the axon-specific microtubule-associated protein, whereas no apparent or weak immunoreactivity of Tau1 was observed in the processes of some girdin shRNA-transfected neurons.
(E) Quantification of the numbers of axons in control and girdin shRNA-transfected neurons. Axons were identified as the processes predominantly labeled with Tau1. At least 100 neurons were measured in each group. Data are expressed as mean ± SE. Comparisons between the groups were done by one-way ANOVA, applying Tukey's post hoc test.
(F and G) Girdin regulates the extension of axons in cultured hippocampal neurons. In control and girdin shRNA-transfected neurons, axons with apparent Tau1 immunoreactivity were selected (F), and the length of the axons was quantified (G). At least 100 neurons were measured in each group. Data are expressed as mean ± SE. Comparisons between the groups were done by one-way ANOVA, applying Tukey's post hoc test.
(H) The number of total neurites in control and girdin shRNA-transfected neurons at DIV5 was quantified. At least 100 neurons were measured in each group. Data are expressed as mean ± SE. Comparisons between the groups were done by one-way ANOVA, applying Tukey's post hoc test.
(I) Endogenous DISC1 colocalizes with girdin at the axonal tips (growth cones) of cultured hippocampal neurons. Neurons were fixed at DIV2, stained with anti-DISC1 antibody followed by Alexa Fluor 488-conjugated secondary antibody (green), and then stained with Q-dot 605-conjugated anti-girdin antibody (red). Axons were identified on the basis of morphology. The regions within the white boxes are shown at a higher magnification in insets. GC, growth cone; CB, cell body.
(J) Colocalization of exogenously expressed DISC1 and endogenous girdin in cultured hippocampal neurons. Neurons transfected with myc-DISC1 at DIV0 were fixed at DIV3 and stained with anti-girdin (green) and anti-myc (red) antibodies. White and yellow arrowheads denote the cell body and axon shaft, respectively. The regions within the white boxes indicated by arrows (growth cone) are shown at a higher magnification in insets.
(K) siRNA-mediated knockdown of DISC1 in rat PC12 cells. Lysates from PC12 cells transfected with either control or rat DISC1-specific siRNA were immunoprecipitated with anti-DISC1 antibody. The immunoprecipitates (IP, upper panel) and total cell lysates (TCL, lower panel) were analyzed by western blotting using anti-DISC1 and anti-b-actin antibodies.
the majority of the DGCs are generated in a transient proliferative zone in the hilus (termed the tertiary dentate matrix) during the early postnatal period ( Figure S7 ) (Altman and Bayer, 1990 ). In the postnatal and adult periods, immature DGCs are continuously generated from proliferating progenitor cells located in the SGZ, which migrate only a short distance into the GCL, terminally differentiate into new DGCs, and seldom leave the inner half of the GCL (Ming and Song, 2005; Zhao et al., 2008) . Considering recent evidence that DISC1 gene mutations and RNAi-mediated downregulation of the protein lead to increased migration and mispositioning of immature DGCs in the DG (Duan et al., 2007; Kvajo et al., 2008) , we examined cells expressing doublecortin (Dcx), a microtubule-associated protein required for neuronal migration that is employed as a marker of immature neurons ( Figures 6A and 6B ). Quantitative analyses revealed that, in girdin À/À mice, Dcx-positive immature DGCs were dispersed throughout all layers of the GCL, without an apparent decrease in Dcx-positive cell number ( Figure S8 ). In contrast, immature DGCs were consistently found in the inner third of the GCL or the SGZ in wild-type mice. The mismigration and mispositioning of immature DGCs was also shown by staining the DG with PSA-NCAM, another marker for immature neurons ( Figure 6C ).
To confirm that these mispositioned DGCs were indeed newly generated postnatally, we used 5 0 -bromodeoxyunidine (BrdU) to label proliferating cells ( Figures 6D and 6E ). Neonatal wild-type and girdin À/À mice were injected with BrdU once at P10, and then the brains were collected on day 7 (P17). BrdU incorporation was visualized by immunohistochemistry, which revealed that the BrdU-positive cells mispositioned to the middle, outer thirds of the GCL and the ML accounted for $45% of the total labeled population in girdin À/À mice. In contrast, most of the labeled cells, as was found in the Dcx immunostaining, were present in the inner third of the GCL and the SGZ in wild-type mice ( Figure 6D and 6E). Thus, girdin is an important regulator for the migration and positioning of newborn DGCs during postnatal development of the DG.
Girdin Cell-Autonomously Regulates Positioning of Newborn DGCs
To exclude secondary effects that might occur from impaired postnatal angiogenesis in girdin À/À mice (Kitamura et al., 2008 ) and examine the cell-autonomous function of girdin in the migration and positioning of individual immature DGCs, we used a retrovirus-mediated single-cell genetic approach (Duan et al., 2007; Tashiro et al., 2006; Ming and Song, 2005; Namba et al., (L) DISC1 is required for the localization of girdin at the growth cones of axons. Neurons transfected with Alexa Fluor 555-conjugated siRNAs and either pbAct-GFP or pbAct-girdin-GFP at DIV0 were cultured and fixed at DIV3. The expression of girdin-GFP was visualized by immunostaining with anti-GFP antibody. Arrowheads indicate the localization of girdin-GFP along the axons. Growth cones and cell bodies are shown at a higher magnification in the white and yellow boxes, respectively. 2005) to downregulate girdin in wild-type neonatal rats. Retroviral constructs were engineered to coexpress Zoanthus green fluorescent protein ZsGreen and shRNA to knock down the expression of endogenous girdin ( Figures 7A-7C ). The engineered retroviruses were stereotactically injected into the hilar region of P5 rat hippocampi to infect only dividing progenitors in vivo ( Figure 7D ). At 2 weeks postinjection (2 wpi), the majority of girdin shRNA/ZsGreen-expressing neurons had migrated over long distances to the outer third of the GCL and the ML ( Figure 7E ). In contrast, control shRNA/ZsGreen-expressing neurons primarily settled in the inner two-thirds of the GCL. Thus, the data indicate that girdin regulates the positioning of immature DGCs in a cell-autonomous fashion.
As shRNA-mediated knockdown of DISC1 leads to soma hypertrophy, multiple ectopic primary dendrites, and significant increase in both total dendritic length and branch numbers in newborn DGCs in adult mice (Duan et al., 2007) , we analyzed the morphology of girdin shRNA/ZsGreen-expressing neurons ( Figures 7F and 7G) . A variable degree of soma sizes and dendritic morphologies in girdin shRNA/ZsGreen-expressing neurons were observed, but they were not significantly different from those in control neurons. Thus, acute knockdown of girdin in the DGCs does not completely recapitulate the DISC1 knockdown phenotypes, which may reflect multiple functions carried out by DISC1 in vivo.
Consistent with the morphological phenotypes observed in girdin knockdown neurons, we found no significant differences in electrophysiological properties, including the membrane resistance and the firing of repetitive action potentials of DGCs in acute slices prepared from wild-type and girdin À/À P10 mice ( Figures 7H-7J) . Again, this is in contrast to the study showing that the knockdown of DISC1 causes an accelerated functional maturation of newborn DGCs in adult mice. 
Neuron
Role of Girdin in Development of the Dentate Gyrus
Inhibition of the DISC1-Girdin Interaction Leads to Mispositioning of Newborn DGCs
To test whether the DISC1/girdin interaction is directly involved in the positioning of DGCs, we examined the effects of expression of the girdin NT domain, which corresponds to the binding region of DISC1, on the positioning of DGCs in neonatal rats. We initially demonstrated that expression of the girdin NT domain inhibits the binding between DISC1 and girdin in COS7 cells, indicating that the exogenously expressed NT domain competes with endogenous girdin for binding to DISC1 ( Figure 8A ). A retrovirus was also engineered to express the girdin NT domain (Figures S9A-S9B) and then injected into the hippocampi of P5 rats. We found that girdin NT domain-expressing DGCs migrate toward the outer and middle thirds of the GCL compared with control neurons that reside in the inner third of the GCL (Figures 8B and 8C ). Although the possibility cannot be dismissed that the girdin NT domain titrates out other molecules essential for positioning, the data implicate the involvement of the DISC1/girdin interaction in the migratory machinery of DGCs. An important additional experiment with a retrovirus expressing girdin with the NT domain deleted is required. However, to date we have not achieved adequate expression of full-length girdin and its mutant under the control of a retroviral promoter.
Effects of DISC1 Expression on the Positioning Defects in Girdin-Depleted DGCs
Next, to determine the hierarchical relationship of DISC1 and girdin in the migration of DGCs, the effect of DISC1 expression on the positioning of girdin-depleted DGCs was tested. To do this, we constructed a lentiviral vector for DISC1 ( Figure S9C ) and coinjected it with a girdin shRNA/ZsGreen-carrying retrovirus into the DG of postnatal rats ( Figures 8D and 8E ). We found that expression of DISC1 is unable to rescue the mispositioning of girdin-depleted DGCs, suggesting that DISC1 is upstream of girdin. Vasculature Phenotype of the DG in Girdin À/À Mice
Since we recently showed that girdin has an important role in postnatal angiogenesis (Kitamura et al., 2008) , the vasculature of the DG was compared between wild-type and girdin À/À postnatal mice. Vessels were visualized with transcardial perfusion of India ink, and sagittal sections were cut at the level of the olfactory bulb ( Figure S10) . A gross view of the hippocampus did not reveal significant defects in the arborization of capillary vessels in girdin À/À mice ( Figure S10 , upper panels). Close examination of the DG, however, revealed that the density of capillary vessels was modestly but significantly decreased (total length of capillaries per volume of the DG, wild-type 224.7 ± 17.3 versus girdin À/À 151.7 ± 18.6 mm/mm 3 , p < 0.05). In addition, capillary vessels extend in various directions in the GCL in girdin À/À mice, whereas most of the vessels in wild-type mice run perpendicular to the SGZ surface ( Figure S10 , lower panels). : n = 9). The resting potentials of DGCs in wild and girdin À/À mice were À58 mV ± 10 mV (n = 10) and À60 mV ± 9 mV (n = 9), respectively. (I) Distributions of membrane resistances of DGCs in wild-type and girdin À/À mice. (J) Firing properties of DGCs in response to 300 ms current injections (À50, +200 pA) under the current-clamp mode. The majority of DGCs in both wild-type and girdin À/À mice (wild-type: 7 of 10, girdin À/À : 7 of 9) exhibited strongly adapting firing patterns (b, middle panels), whereas the remaining DGCs exhibited repetitive firing patterns (c, bottom panels).
DISCUSSION
Roles of Girdin and Its Interaction with DISC1 in Axonal Development
Despite an extensive array of studies on DISC1, the in vivo roles of DISC1 in axonal development remain elusive, in part from a lack of DISC1-deficient mice. Recently, one study demonstrated that retroviral-mediated knockdown of DISC1 in newborn DGCs results in mistargeting of mossy fibers and defects in synaptic development in the adult brain (Faulkner et al., 2008) . However, the mechanisms by which DISC1 regulates axonal development and targeting, especially actin cytoskeletal organization, have not been formally demonstrated. We now show that DISC1 localizes to the actin cytoskeleton through interaction with an actin-binding protein, girdin, which is vital for axon development. Girdin À/À mice showed defects in axonal development of DGCs, pointing to the possibility that girdin may mediate, at least in part, the function of DISC1 in axonal development in vivo. Several groups have shown that DISC1 localizes to multiple sites in neurons, leading to the suggestion that a primary function of DISC1 is to act as a scaffold or a hub protein that recruits many other proteins (Mackie et al., 2007; Camargo et al., 2007) . Our present data fit with this model: DISC1 regulates the localization and stabilization of girdin to axonal growth cones in hippocampal neurons (Figure 3 ). Combined with a previous finding that DISC1 and its interacting proteins are transported along microtubules by kinesin-1 Shinoda et al., 2007) , our finding suggests spatio-and temporal regulation of girdin localization and function by the DISC1/kinesin protein complex in neurons.
Girdin preferentially interacts with the N-terminal domain (NB) of DISC1 ( Figures 2B and 2C ). This finding implies that patients with the original translocation in a Scottish pedigree do not lose binding to girdin, suggesting that girdin may not have a pathogenic role in the development of schizophrenia or related mental disorders. A definitive conclusion cannot be reached, however, because previous reports indicate that truncated DISC1 protein lacking the C-terminal region involved in the translocation may not be stably formed (Millar et al., 2005; Koike et al., 2006) . Due to the limited survival time of girdin À/À mice (Kitamura et al., 2008) , we are currently unable to assess any specific behavioral phenotypes. Further studies will be needed to determine whether girdin may be involved in the etiology of neural disorders.
Insights into Differential and Synergistic Functions of Girdin and DISC1 In Vivo
In the DG of rodents, most ($80%) DGCs are produced postnatally in the neonatal period, in contrast to pyramidal neurons in the hippocampus that are generated prenatally (Altman and Bayer, 1990) . Previously, DISC1 roles were assessed in adult neurogenesis in the DG or radial neuronal migration in cerebral cortical development (Duan et al., 2007; Faulkner et al., 2008; Kamiya et al., 2005) , but not in postnatal development of the DG. Our study shows that girdin is vital for postnatal development of the DG, leaving its function in adult neurogenesis unexplored. Nonetheless, the overlapping expression pattern of girdin and DISC1 in neonatal and adult DG (Figure 1 ; Lein et al., 2007; Austin et al., 2004; Schurov et al., 2004) , together with evidence that they interact physically and functionally, suggest that the protein complex may be recapitulated in manifold ways in both postnatal development and adult neurogenesis. This speculation is supported by the observation that dentate granule cells born in the developing and adult DG constitute a functionally homogeneous neuronal population (Laplagne et al., 2006) .
A Role of Girdin and Its Interaction with DISC1
in Postnatal Development of the DG One of the striking findings of the present study is that girdin À/À mice showed a severe cytoarchitectural abnormality in the DG, which was mainly due to the mismigration and mispositioning of immature DGCs (Figures 5, 6 , and S8). The molecular cues that specifically govern the positioning of DGCs during postnatal development of the DG are only beginning to be discovered (Galichet et al., 2008) . The data obtained from girdin À/À mice, retrovirus-mediated birth-dating, and girdin knockdown experiments, and the inhibition of the DISC1/girdin interaction demonstrated that girdin and DISC1 have possible roles in the positioning of DGCs in the postnatal period. The altered positioning of immature DGCs has been recently demonstrated in mice deleted for a subset of DISC1 isoforms (Kvajo et al., 2008) , suggesting that girdin may cooperate with DISC1 in the migration of newborn DGCs in postnatal development of the DG. Surprisingly, in contrast to positive regulation of cell migration by girdin in fibroblasts, breast cancer cells, and endothelial cells (Enomoto et al., 2005; Kitamura et al., 2008) , interference with girdin expression in newborn DGCs resulted in accelerated neuronal migration, in accord with previous findings on DISC1 function (Duan et al., 2007; Kvajo et al., 2008) . It was hypothesized that DISC1 might relay positional signals to the intracellular migratory machinery rather than act as a direct mediator of neuronal migration (Duan et al., 2007) . It is a mystery whether the same mechanism could be applied to girdin, but it is intriguing to speculate that girdin may function as an effector of DISC1 in the determination of DGC position during postnatal periods. Furthermore, given the interaction of girdin with Nudel (Camargo et al., 2007) , a highly characterized DISC1-interacting protein that regulates the positioning of DGCs (Duan et al., 2007) , it is expected that girdin actively cooperates with the DISC1/ Nudel protein complex in these neuronal processes.
Possible Involvement of Postnatal Angiogenesis in DG Development
Given the vascular phenotype of the DG in girdin À/À mice ( Figure S10 ), one could speculate the involvement of girdin in both angiogenesis and neurogenesis in postnatal development of the DG. At present, however, it is difficult to answer the question of whether (1) angiogenesis occurs prior to neuronal migration or (2) functional and structural alterations in both vasculature and neuronal cytoarchitecture go in parallel in the DG development. So far, the correlation between angiogenesis and neurogenesis in the DG development and adult neurogenesis has not been investigated extensively. To our knowledge, one study has shown the synergy between adult neurogenesis and angiogenesis, in which neurogenesis enhanced by exercise is accompanied by the increase of vascular perimeters and surface area in the DG (van Praag et al., 2005) . Considering evidence that neuroblasts born in the subventricular zone (SVZ) of the lateral ventricles migrate along the blood vessels toward the injured area of the adult brain (Yamashita et al., 2006) , it is an experimental challenge to find the synergistic relationship between angiogenesis and the migration of newborn DGCs.
EXPERIMENTAL PROCEDURES Antibodies
The girdin and DISC1 antibodies and antibodies purchased from commercial sources are detailed in Supplemental Data.
Girdin Knockout Mice
Construction of the girdin gene-targeting vector and generation of girdin knockout mice were described previously (Kitamura et al., 2008) . All animal protocols were approved by the Animal Care and Use Committee of Nagoya University Graduate School of Medicine.
Plasmids
Details of the construction of all plasmids for protein and RNAi expression used in this study are given in Supplemental Data.
Histology, Immunohistochemistry, and Immunofluorescence Studies Tissues and cells were fixed and processed for immunostaining as described earlier (Enomoto et al., 2005; Kitamura et al., 2008) . Details for immunohistochemistry, cresyl violet and Timm's staining and imaging of vasculature used in this study are given in Supplemental Data. For quantification, at least five sections of the DG from five brains each of wild-type and girdin À/À mice were evaluated. For BrdU incorporation experiments, P10 mice were injected intraperitoneally with 0.1 ml/10 g of body weight of BrdU solution (5 mg/ml) and sacrificed at P17. Sections were processed as described above and BrdU incorporation was measured by immunohistochemistry using a rat anti-BrdU monoclonal antibody (Abcam).
Biochemistry
Detailed protocols for western blot analyses, immunoprecipitation, and GST pull-down assays are described in Supplemental Data.
Culture of Cell Lines and Primary Neurons COS7, HEK293T, and PC12 cells were maintained at 37 C in a humidified atmosphere of 5% CO 2 . PC12 cells were grown in Dulbecco's modified Eagle's medium supplemented with 5% fetal bovine serum and 5% horse serum. For primary culture of rat hippocampal neurons, embryos were obtained at E19 from Sprague Dawley rats (Japan SLC Company). Hippocampal neurons were prepared as previously described . Dissociated neurons were seeded on glass-based dishes coated with poly-D-lysine (PDL; Sigma) and laminin (Iwaki, Tokyo, Japan) in Nerve-Cell Culture Medium (Sumitomo Bakelite, Co., Ltd., Japan) or Neurobasal medium (Invitrogen) in the presence of B27 (Invitrogen) and 100 mM L-glutamine, and kept at 37 C under 5% CO 2 . Six hours after plating, cultured neurons were transfected with the indicated plasmids or siRNAs using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. After 1-3 days in culture, neurons were fixed in 3.7% formaldehyde and stained with the indicated antibodies, followed by staining with Alexa Fluor 488/594-conjugated secondary antibodies. Fluorescence was examined using a confocal laserscanning microscope FV500. In the morphometric analyses, the length of axons, which were identified by Tau1 staining and their morphology, was determined by tracing the entire length of the axons and calculated using the software program WinROOF (Mitani Corp., Fukui, Japan). Determinations were made on three separate experiments, and the length of axons and the number of neurites of $100 neurons were measured. To examine the localization of endogenous girdin and exogenous girdin-GFP in the tips of axons, differentiated neurons were labeled with the fluorescent tracer chloromethyl derivative of aminocoumarin (CMAC) (10 mM, Invitrogen), and their localization was evaluated as the ratio of girdin or GFP fluorescence intensity and cell volume as measured by the CMAC signal.
RNA Interference and Retroviral Constructions
The siRNA-mediated knockdown of rat DISC1 was performed as previously described Shinoda et al., 2007) . Target and girdin shRNA (no. 7), 5 0 -GAAGGAGAGGCAACTGGAT-3 0 (nucleotides 4166-4184). The oligonucleotides, directed against sequences common to human, rat, and mouse girdin RNAs, were selected by Dragon Genomics (TaKaRa, Yokkaichi, Japan). The oligonucleotide pair was annealed, inserted into the pcPURU6b icassette (Dragon Genomics) or the pSIREN-RetroQZsGreen retroviral shRNA expression vector (Clontech). To produce retroviral supernatants, GP2-293 packaging cells (a gift of K. Hirose, Nagoya University, Japan) were seeded in collagen type I-coated 100 mm cell culture dishes and transfected with the pVSV-G (vesicular stomatitis virus G protein) vector (a gift of K. Hirose, Nagoya University, Japan) and either control or girdin shRNAcontaining the pSIREN-RetroQ-ZsGreen vector using Lipofectamine 2000 reagent. The medium was replaced 24 hr later, and virus-containing supernatants were harvested 48 hr posttransfection. The recombinant retrovirus was concentrated by centrifuging the supernatant at 6000 3 g at 4 C for 16 hr.
The concentrated retrovirus was resuspended in PBS overnight at 4 C and then stored at À80 C until used. Titers ranged between 5 3 10 6 and 1 3 10 7 cfu/ml. If not specified, girdin shRNA (no. 7) was used for knockdown experiments in this study.
To validate the specificity and efficiency of the shRNAs, an expression construct for V5-tagged full-length girdin and the retroviral shRNA vectors were cotransfected into COS7 cells and cell lysates were prepared for western blot analysis of girdin expression using anti-V5 antibody ( Figure 7B ). To monitor the ability of the shRNAs to inhibit expression of the endogenous girdin, rat PC12 cells were infected with the retrovirus encoding either girdin or control shRNA, and cell lysates were prepared for western blot analysis using anti-girdin antibody ( Figure 7C ).
Stereotaxic Injection of Engineered Retroviruses and Lentiviruses
Oncoretroviruses to express shRNAs and the girdin NT domain specifically in proliferating cells and their progeny were engineered as described in Supplemental Data. For the expression of DISC1, a full-length cDNA for mouse DISC1 (a generous gift of Dr. A. Sawa, Johns Hopkins University School of Medicine) was cloned into pLenti6/V5-D-TOPO (Invitrogen). Engineered retroviruses and lentiviruses were stereotactically injected into the bilateral DG (coordinates from lambda: anteroposterior, 2.2 mm from lambda; lateral, 2.1 mm; ventral, 2 mm) of P5 Wistar rats as described previously (Namba et al., 2005) . Fourteen days after retroviral injection, brain sections (40 mm thick) were prepared from injected mice and processed for immunostaining as described in Supplemental Data. Fluorescent signals were detected using a confocal laser-scanning microscope Fluoview FV500 (Olympus, Tokyo, Japan) or LSM510 (Carl Zeiss Oberkochen, Germany). A minimum of five to ten neurons of randomly picked sections from each animal and at least five animals were analyzed for morphology and positioning under each experimental condition.
Electrophysiology
Detailed protocols for whole-cell patch-clamp recordings in brain slices are described in Supplemental Data.
Data Analysis
Data are presented as the mean ± SE. Statistical significance was evaluated with Student's t test. Comparisons between more than two groups were made with one-way ANOVA, followed by Tukey's post hoc analysis. Statistical analysis was conducted using Statistical Package for Social Sciences for Windows (SPSS, Chicago, IL) with p < 0.05 indicating statistical significance.
SUPPLEMENTAL DATA
Supplemental Data include Supplemental Experimental Procedures and ten figures and can be found with this article online at http://www.cell.com/ neuron/supplemental/S0896-6273(09)00627-8.
